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Abstract: A broadband dielectric mirror in the visible spectrum is made by putting together two quarter-wavelength stacks
with two different reference wavelengths, and for smoothing the mirror’s spectrum, the gradient algorithm has been used.
This mirror consists of 39 layers that have been fabricated by alternative deposition of zinc sulfide and Cryolite, using vacuum
thermal evaporation on a glass substrate. The Mirror’s reflectance spectrum was measured and it was found close to ideal
state.
Keywords: Dielectric mirrors, gradient algorithm, quarter-wavelength stack.

1. Introduction
Using metal mirrors has been very common in the past. Such
mirrors, rather than their simple manufacturing process, are
also very inexpensive [1]. However, its scope of application
is restricted due to the high absorption coefficient of metals.
In order to construct high power systems such as laser
generators used in optical telecommunication or
Interferometers with thin strips, dielectric mirrors should be
used [2-6]. For a mirror fabricated with ZnS and cryolite, it
is easy to reach the absorption level of less than 0.5%. Yet,
in a desirable situation, an absorption level near 0.001% has
been reported. In this study, we briefly discuss dielectric
mirrors first. Then the design, fabrication of broadband
mirrors as well as the results of measuring their reflectance
spectra have been presented, accompanied by a conclusion
at the end.

2. Dielectric Mirrors
In dielectric mirrors, with an alternative deposition of
layers with high (nL) and low (nH) refraction coefficients
and with the thickness of a quarter-wavelength, we can
obtain the maximum reflection.
That’s because when the light beams reflects from the
layer’s interface reaching the mirror’s front, they’ll
accumulate on top of each other in the same phase and will
be combined constructively. These mirrors, despite their

advantages, are confronted with two problems: i) phase
displacement of the reflected beam and ii) limited reflection
bandwidth.
If the layers are arranged in a way that the outer layers would
be made of a material with a high refraction coefficient, the
phase displacement becomes zero. Thus, the optical
admittance becomes:
Y=#
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Where nS is the substrate’s refraction coefficient, and (2p+1)
shows the number of layers. Reflection of the environment
is [7]:
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Although the aforementioned equations indicate that as the
layer number increases, the admittance and therefore, the
reflection increases; but for the bandwidth of the reflection
area, the changes do not follow the indicated pattern.
According to the following equation, the approximate
bandwidth of the reflection area is not related to the number
of layers [3,8].
∆λ 4 :; n% − n&
= sin #
'
λ5 π
n% + n&

(3)

Where 𝜆5 is the reference wavelength, and ∆𝜆
bandwidth of the reflection band.

is the
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3. Designs
If we use equation 3 for a mirror fabricated with nH= 2.3 for
ZnS and nL = 1.35 for cryolite, the bandwidth of the
reflection area becomes:
∆λ = 0.335λ ₀

It is evident that if a mirror is needed for the entire visible
range (300 nm), a mirror with the bandwidth of 184 nm
would not be enough.
Pension and Stemwedel offered a solution, by harmonically
increasing the thickness of layers (1955). Then, Heavens &
Liddell presented a similar solution, using arithmetic or
geometrical increase of the layers [5]. After the construction
of computers, various algorithms have been presented and
Liddell has evaluated them [6]. Using the gradient algorithm
for this purpose has not been reported until now.
The method used here is based on putting together two bandlimited mirrors. One of these mirrors reflects the lower
reflection region and the other one, the upper region.
Reference wavelengths are respectively 455 nm for the first
and 605 nm for the second mirror. Since the construction
issues don’t let us increase the number of layers, we have
settled to the minimum number of band-limited mirrors,
even though it is definitely better if we use more mirrors.
In order that both of the band-limited mirrors have the ability
of 100% reflection, their number of layers must be at least
17. Thus, we chose two mirrors, each with 19 layers with the
arrangement of [H L]9 H. a quarter-wavelength layer L is
also added in order to avoid the transmission hole connecting
the two quarter-wavelength layers H. By employing equation
2, 100% reflection in the reference wavelength is guaranteed
for both mirrors.

4. Gradient Descent Algorithm
Since combining two band-limited mirrors on the edges and
at the center of the reflection area of the final filter creates
holes, the gradient algorithm is used to solve this issue and
smooth the area. In this algorithm, the thickness of the layers
is adjusted so that the minimum root means square error of
the desired spectrum, and the mirror spectrum is minimized.
In this algorithm, the adjustment of thicknesses is done based
on the following equations [5,6,9,10]:
C⃗(EF;) = d
C⃗(E) − s. C∇⃗MF
d

(5)

Where 𝑑⃗(K) and 𝑑⃗(KF;) are vectors showing the thickness of
layers at stage i and i+1 and s is the step length. The gradient
C⃗𝑀𝐹 equals:
vector ∇
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And the merit function MF is [11]:
]
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This equation indicates that as the wavelength increases, as
it advances to the infrared zone, the bandwidth of the
reflection area expands. In the visible range (400 to 700 nm)
with the reference wavelength of 550 nm, the bandwidth
would be 184 nm.

(6)

(7)
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Where 𝑅bc and 𝑅bd are the desired spectrum and the calculated
spectrum at point j, respectively. The derivative of this
equation with respect to 𝑑e , considering that the only
dependent variable to 𝑑e is 𝑅bd , results in the following
equations:
h
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If we suppose 𝑥 = 𝑑e , then
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We use (12) to calculate the derivative of the spectrum with
respect to 𝑑e [5]:
(

∗
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r&F;,5 .

(13)

For simplicity, we have neglected the upper and lower
indices. Accordingly,
rrF;,5 =

rrF;,r + rr,5 e:(Yyz
1 + rrF;,r rr,5 e:(Yyz

Where k = 0, 1,...,L, and rrF;,r equals
nrF; − nr
rrF;,r =
nrF; + nr

(14)

(15)

The optical phase Φr is
Φr =

2π
n d
λ r r

rrF;,5 , which is a complex parameter, is

(16)
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rrF;,5 = ArF; + jBrF; .

(17)

According to (13):
(
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And its derivative with respect to dk equals
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(19) indicates that 𝐀𝐤F𝟏 and 𝐁𝐤F𝟏 are functions of 𝐝𝐤 . Hence,
𝛛𝐀 𝐤…𝟏
may be presented as:
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may also be presented similarly.
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the final layer. Here, we have used a quarter-wavelength
cryolite layer. Furthermore, for a better adhesion between the
layers and the substrate, a quarter wavelength of cryolite has
been placed on the substrate before starting the deposition.
It shall be noted that, according to the evaluations, adding
these two layers doesn’t have a noticeable impact on the
range of the reflectance spectrum and only results in a slight
displacement of the reflected beams’ phase.

6. Conclusion
The results obtained from the fabrication of this mirror can
be summarized into the following points:
•

The fabricated mirror has a very high reflection level
and a vast reflection area, which is constant all through
the substrate. Thus, employing the gradient algorithm
has been very useful.

•

Using ZnS as a material with a high refraction
coefficient exceeds the evaporation process, but the
issue of keeping it from humidity is of utmost
importance as well. In order to improve the durability of
the coating, we can use cryolite as the final layer, which
has a higher durability. Stronger materials such as
Titanium Dioxide, Zirconium Dioxide or Cranium
Dioxide with a refraction coefficient of 2.2 may also be
used.

5. Fabrication and Measurement
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